Modified LB medium (10 g/l tryptone, 5 g/l yeast extract, 1 g/l NaCl) supplemented with 1% 126 glucose was used to grow E. coli and A. baylyi ADP1 for strain constructions. The cultivations 127 for characterization of amino acid utilization and WE production were carried out using modified 128 minimal salts medium MA/9 (Na2HPO4 4.40 g/l, KH2PO4 3.40 g/l, NH4Cl 1.00 g/l, 129 nitrilotriacetic acid 0.008 g/l, NaCl 1.00 g/l, MgSO4 240.70 mg/l, CaCl2 11.10 mg/l, FeCl3 10 described by Huo et al. (Huo et al., 2011) , with some modifications. Briefly, 126 g/L biomass 141 was mixed with water and heated at 80-85 °C for 18 min, after which the biomass was digested 142 with 1-2 g/L protease (from Bacillus sp., Sigma) and incubated at 60 °C overnight. The digestion 143 product was centrifuged, and the supernatant was collected and further filtered for use as 144 substrate. Corresponding antibiotics were added in the media when necessary (with a 145 concentration of 50 mg/L for spectinomycin, 50 mg/L for kanamycin, and 25 mg/L for 146 chloramphenicol). 147
Genetic manipulation 148
The molecular cloning was performed using established methods. The reagents for the molecular 149 work, including PCR, digestion and ligation, were provided by Thermo Scientific (USA) and 150 used according to provider's instruction. Transformation and genome editing of A. baylyi ADP1 151 were carried out as described previously (Santala et al., 2011b) . All the primers used in the study 152 are listed in Table S3 . 153 The strains ADP1 ΔaceA (ΔACIAD1084) and ADP1 Δacr1 (ΔACIAD3383) were a kind gift 154 from Dr Veronique de Berardinis (Genoscope, France). The strain ADP1 iluxAB was previously 155 constructed in our laboratory (Santala et al., 2011a) ; in the strain the gene poxB (ACIAD3381) is 156 replaced with the genes luxAB under T5 promoter. Deletion of the gene poxB has been shown to 157 be neutral in terms of growth and WE production (Santala et al., 2011b) .
158
The construction of the strain W1 was carried out as follows. First, the gene acr1 was amplified 159 from the genome of A. baylyi ADP1 using the primers tl17 and sa16. accumulation. We have previously observed WE production during exponential phase in A. 252 baylyi ADP1 (Santala et al., 2018 (Santala et al., , 2011a , indicating that nutrient limitation is not a strict 253 requirement for lipid accumulation. We hypothesized that proper redirection of carbon flow from 254 growth to lipid synthesis could enable enhanced WE accumulation and improved WE production 255 from both the optimal substrate, namely glucose, and also from non-optimal substrates such as 256 nitrogen-rich substrates. To validate the hypothesis, we constructed a strain W1 in which the 257 gene aceA was replaced with the gene acr1 under strong constitutive promoter. The native acr1 258 was deleted in the strain. Deletion of aceA blocks the glyoxylate cycle, increasing the availability 259 of acetyl-CoA for fatty acid synthesis pathway and energy generation. The gene acr1 encodes for 260 a NADPH-dependent fatty acyl-CoA reductase, which reduces fatty acyl-CoA to fatty aldehyde.
261
It was previously shown that overexpression of acr1 improved WE production with a titer of 262 0.45 g/L (yield of 0.04 g/g glucose) (Lehtinen et al., 2018a) . In the previous study, acr1 was 263 located under lac-inducible promoter and highest WE production was obtained with the highest 264 IPTG-concentration studied. Thus here we decided to use the strong T5-promoter. With this 265 engineered strain, we studied WE production from both glucose and nitrogen-rich substrates, 266 namely casamino acids, yeast extract and baker's yeast hydrolysate.
267
The essentiality of aceA deletion to the cells when growing on acetate, glucose and 20 common 268 L-amino acids was predicted using FBA by maximizing for the growth reaction before and after 269 aceA deletion. In the simulations, 7 amino acids could be used as sole carbon source by A. baylyi 270 ADP1, including alanine, arginine, asparagine, aspartate, glutamate, glutamine and proline 271 (subsequent experimental validation showed that arginine cannot be used as sole carbon source).
272
As expected, the gene aceA was predicted to be essential when acetate was used as sole carbon 273 source; the theoretical specific growth rate did not change after aceA deletion when glucose or 274 16 amino acids were used as carbon source (Table S1) aceA deletion on WE production is not accurately reflected in the simulation. 3.2. WE production from glucose 283 We first carried out batch-cultivation in flask with 200 mM glucose as carbon source to evaluate 284 the production of WEs by the three strains, ADP1 WT (wild type ADP1 as control), ADP1
285
ΔaceA (with aceA deletion) and W1 (with aceA deletion and acr1 overexpression). The three 286 strains were cultivated for 24 h and 48 h. As shown in Figure 2 , significantly improved WE 287 production was observed in W1. After 24 h, both ADP1 ΔaceA and W1 had higher WE content 288 and yield than ADP1 WT, and ADP1 ΔaceA had similar WE content as W1 ( Figure 2B and 2C).
289
However, ADP1 ΔaceA grew poorly, resulting in low CDW ( Figure 2D ) and low WE titer 290 ( Figure 2A ). The strain seemed to stop growing before 24 h and did not further consume glucose 291 ( Figure S1 ). The reason for this is unknown. It is worth noting, however, that after 24 h, the pH 292 of the culture dropped significantly below 4 for ADP1 ΔaceA while the pH was above 6.5 for 293 W1 and ADP1 WT (data not shown), which indicated impaired metabolism in ADP1 ΔaceA. W1 294 had lower CDW than ADP1 WT ( Figure 2D ) but with 1.6-fold higher WE titer after 24 h ( Figure   295 2A). After 48 h, W1 produced the highest WE titer of 1.82 g/L (3.15-fold higher than ADP1 296 WT) and the highest yield of 0.075 g/g glucose reported to date (3-fold higher than ADP1 WT)
297
( Figure 2A and 2B) , accumulating up to 0.27 g/g CDW of WEs (3-fold higher than ADP1 WT)
298
( Figure 2C) . The difference of CDW between the two strains was not significant ( Figure 2D ).
299
These results suggest that, when glucose was used as carbon source, aceA deletion in 300 combination with acr1 overexpression significantly enhanced WE accumulation without 301 considerably reducing cell growth, resulting in improved titer, productivity and yield. Although 302 the strain ADP1 ΔaceA grew poorly, it still had higher WE content and yield than ADP1 WT.
303
However, it is not clear why ADP1 ΔaceA had poor growth and whether overexpression of acr1 304 in W1 played a role in the rescue of growth. It can be speculated that the balance between energy 305 production and biomass formation was impaired in the strain ADP1 ΔaceA. It was reported that, respectively. Since long-chain fatty aldehyde is the precursor for WE synthesis, its production 344 can reflect the carbon flux towards WE synthesis as well as fatty acid synthesis pathway.
345
The results showed that 6 amino acids could be used as sole carbon source by ADP1, including 346 alanine, asparagine, aspartate, glutamate, glutamine and proline ( Figure 3A ). Arginine could not 347 be used as sole carbon source by ADP1 although it was predicted to be used by the FBA (Table   348 S1) due to the existence of the arginine succinyltransferase (AST) pathway in the ADP1 model.
349
In E. coli, the pathway allows arginine to be used as nitrogen source but not carbon source, As shown in Figure 3A , ADP1 ΔaceA, iluxAB grew more slowly and reached lower final OD600 was restrained to a much larger degree than on other amino acids ( Figure 3A ). In addition, 373 diauxic growth was observed in ADP1 ΔaceA, iluxAB: the strain grew slowly in the beginning 374 and stopped growing for a long period of time before growing again. The observation indicates 375 that the deletion of aceA may have an influence on the regulation of glutamate metabolism.
21
The luminescence signals generated by the two strains were monitored during the cultivation; the 377 cumulative luminescence can be used as an indicator to compare the amounts of fatty aldehyde 378 produced by the two strains (Lehtinen et al., 2018a; Salmela et al., 2019; Santala et al., 2011a) .
379
In comparison with ADP1 iluxAB, ADP1 ΔaceA, iluxAB generated higher cumulative 380 luminescence in the end of the cultivations with not only alanine but also asparagine, aspartate, 381 glutamine and proline ( Figure 3B ), suggesting more fatty aldehyde produced by ADP1 ΔaceA,
382
iluxAB. This was also the case for the cultivation with glutamate, even though ADP1 ΔaceA, 383 iluxAB grew poorly on glutamate. The change of luminescence/OD600 over time could enable us 384 to elucidate the luminescence production profiles of the two strains ( Figure S2 ). ADP1 iluxAB 385 had similar luminescence production profiles on the six amino acids: the luminescence/OD600 386 peaked when cells were in early exponential phase, followed by drastic drop of the signal (Figure   387 S2). It can be speculated that the cells were the most active in early exponential phase with 388 available carbon flux towards fatty aldehyde, but the competition with growth for the carbon flux 389 resulted in decrease of fatty aldehyde production. In comparison, the change of 390 luminescence/OD600 was more subtle for ADP1 ΔaceA, iluxAB during cell growth ( Figure S2) , 391 which might indicate more balanced distribution of carbon flux between growth and fatty 392 aldehyde production. These results suggest that deletion of aceA could allow higher fatty 393 aldehyde production at the cost of slower growth when single amino acids were used as sole 394 carbon source. 3.4. WE production from casein amino acids and yeast extract 405 We next studied WE accumulation from casamino acids (casein hydrolysate) by the strain W1 406 and ADP1 WT. The strains W1 and ADP1 WT were cultivated in two conditions, with 10 g/L 407 and 20 g/L casamino acids as carbon source. In order to compare WE accumulation between the 408 two strains, the cells were harvested when OD600 was about 2 at which the cells were still in 409 exponential phase, considering that WEs might be rapidly degraded under carbon limiting 410 conditions (Santala et al., 2011a) . As shown in Figure 4A , the concentration of casamino acids 411 did not have a significant influence on the growth of both strains. ADP1 WT grew faster and 412 reached OD600 of 2 after 4 h while W1 had a slower growth and reached OD600 of 2 after 11 h. As 413 glutamic acid typically accounts for a large proportion in the amino acid profile of casein, it is 414 possible that the negative effect on glutamate metabolism by aceA deletion may play a role in the 415 slower growth of W1. Despite being in nitrogen-rich conditions, WT ADP1 still accumulated a 416 small amount of WEs during exponential phase, with a content of 0.02 g/g CDW in both 10 and 417 20 g/L casamino acids ( Figure 4B ). In comparison, W1 accumulated approximately 0.13 and 418 0.11 g/g CDW of WEs in the cultivations with 10 g/L and 20 g/L casamino acids, respectively 419 ( Figure 4B ), suggesting 5-6 folds enhanced accumulation of WEs during exponential phase. The 420 contents were similar to that obtained with ADP1 WT from glucose.
24
To study the WE accumulation using yeast extract, a cultivation with 20 g/L yeast extract as 422 substrate was performed. The cells were harvested during exponential phase (5 h) and after 423 reaching stationary phase (24 h). Interestingly, W1 and ADP1 WT showed similar growth, and 424 the difference of CDW between the two strains was not apparent when harvested after 5 h of 425 cultivation ( Figure 4C ). Although W1 had 1.9-fold higher WE content than ADP1 WT ( Figure   426 4D), the content (0.036 g/g CDW) was much lower than those obtained with casamino acids. The et al., 2011) . It was shown that deamination could be facilitated by deletion of 448 genes related to ammonium-assimilation pathway (Huo et al., 2011; Mikami et al., 2017) . importance to exploit the value of these waste streams on the ground of circular economy. One 468 option is to use them as animal feeds , but the limited market is not able to deal with the 469 increasing amount of protein wastes (Huo et al., 2011) . Thus, strategies have been brought out 470 for the valorization of protein wastes, of which microbial production of valuable products 471 directly from protein wastes is advantageous, as compared to other processes that require costly 472 amino acid isolation steps (Li et al., 2018) . Although production of a range of chemicals from 473 protein sources has been proposed (Huo et al., 2011) , it is challenging to efficiently produce 474 oleochemicals, such as storage lipids, from nitrogen-rich protein wastes.
475
To evaluate of possibility of using industrial spent yeast for WE production, dry baker's yeast 476 was used as a representative feedstock. To obtain baker's yeast hydrolysate that can be used as 477 substrate, a heat treatment was performed for the biomass, followed by digestion with protease to 478 27 break the peptide bonds of released proteins. The medium was supplemented with 50% baker's 479 yeast hydrolysate for cultivation. Cells were harvested during exponential phase (after 4.7 h) and 480 early stationary phase (after 8 h) where the WE content is likely to be the highest. The CDWs of 481 the strains W1 and ADP1 WT did not differ significantly after 4.7 and 8 h of cultivation ( Figure   482 5C). W1 accumulated WEs from 0.025 g/g CDW in exponential phase to 0.030 g/g CDW in 483 early stationary phase, while the WE content of ADP1 WT did not significantly increase in the 484 end of the cultivation and was maintained at around 0.016 g/g CDW ( Figure 5B) . The difference 485 of WE content between the two strains can be also seen through WE visualization ( Figure 5D ).
486
The final WE titer of 0.066 g/L was obtained with WI, which was 2-fold higher than that 487 obtained with ADP1 WT ( Figure 5A ). The results suggest that the protein-rich biomass can be a 488 good feedstock for microbial production; the fermentable hydrolysate could be obtained by 489 simple pretreatment process. 
